Astraeus spp. is consumed in several regions of Southeast Asia. C 8 compounds, including 1-octen-3-ol, are the main volatile compounds in fresh Astraeus spp. Other compounds typical of edible mushrooms, such as terpenoids and sulfur-containing compounds, were not detected in fresh Astraeus spp. The amounts of fatty acids, including linoleic acid, substantially decreased after homogenization of fresh Astraeus spp. This high metabolic activity possibly correlates with formation of the C 8 volatiles. Heating the mushrooms produced cyclohexene compounds, 2-n-pentyl-furan, furanyl compounds, and benzaldehyde.
Wild mushrooms are widely consumed in many countries as foods, as flavoring, and as medicinal materials. Their culinary and commercial value is mainly due to flavor, which is characteristic of and unique to mushroom species. 1) Among the diverse volatile compounds in mushrooms, aliphatic eightcarbon (C 8 ) components, including 1-octen-3-ol, 2-octen-1-ol, 3-octanol, 1-octanol, 1-octen-3-one, and 3-octanone, have been reported to be major contributors to mushroom flavor. [1] [2] [3] Astraeus species, ectomycorrhizal fungi, grow in association with tree roots, and their fruiting bodies develop just beneath the soil surface. 4) One member of the genus, the puffball mushroom, or Astraeus odoratus, is widely consumed in north and northeast Thailand due to its unique flavor. 5) A. odoratus is usually processed, canned, and exported. Most previous investigations of Astraeus spp. focused on the concentrations of nonvolatile compounds, including heteroglycans, proteins, fats, crude fibers, and carbohydrates. 5) Despite many studies on the volatile compounds of edible mushrooms, there are no reports on volatile composition in Astraeus spp. Volatiles, including C 8 compounds, are attracting attention because of their bactericidal, fungicidal, and genotoxic activities against various organisms. [6] [7] [8] So in this study the volatile constituents of Astraeus spp. (both cooked and uncooked) and A. odoratus (canned) were determined for the first time using a closed-loop splitting system (CLS) coupled with GC-MS. The fatty acid compositions of the mushrooms were also analyzed in order to examine the correlation between the production of C 8 compounds and fatty acid metabolism.
Sporocarps of Astraeus spp. (2-3 cm in diameter) were collected in September to October 2008 in a rural area of Yamaguchi City, Japan. The exoperidea were still closed, and the glebae were reddish brown and floury. The basidiospores are globular (10 mm in diameter), with a serrate surface.
9) The DNA sequence, encompassing 5.8S rDNA and internal transcribed spacers (ITS) 1 and 2, was analyzed after PCR amplification with primer pair 5 0 -TCCGTAGGTGAA-CCTGCGG-3 0 and 5 0 -TCCTCCGCTTATTGATATGC-3 0 . Cooked mushroom samples were prepared by tightly sealing whole fruiting bodies in a polypropylene bag with 1.5% NaCl solution and heating them at 121 C for 20 min following the procedure for the canning of A. odoratus. Canned A. odoratus grown and processed in Thailand was purchased from a local market in Japan for comparison. Three cans of the same lot number were used separately in the volatile analysis. For CLS, mushrooms (50 g) were cut into small pieces and homogenized with 75 ml of 0.1 M sodium phosphate buffer (pH 6.5) with a Polytron homogenizer (Kinemetica, Littau, Switzerland). The mushroom homogenate was put into a two-necked 1,000-ml round-bottomed flask fitted with a Liebigtype condenser and stirred vigorously with heating to 30 C. Air was allowed to enter the flask through one opening and to wash over the surface of the homogenate. The volatiles from the sample were collected for 3 h at an airflow rate of 4 l/min with a charcoal trap (ORBO 32 small, Supelco, Bellefonte, PA). After collection, the volatiles were desorbed with 500 ml of dichloromethane containing 2 mg/ml of nonyl acetate as an internal standard. The eluate (1 ml) was subjected to GC-MS analysis on a Shimadzu (Kyoto, Japan) QP-5050 equipped with a Stabiliwax column (30 m length Â 0.25 mm i.d. Â 0.25 mm film thickness, Restek, Bellefonte, PA) in splitless injection mode with helium as the carrier gas at a constant flow rate of 2 ml/min. The oven temperature was held at 40 C for 5 min, raised at 3 C/min to 160 C and at 10 C/min to 230 C, and held for 8 min. The temperatures of the injector and the interface were 200 C and 230 C respectively. The mass detector was operated in electron impact mode with an ionization energy of 70 eV. Volatiles were analyzed from at least three biologically independent specimens. The compounds were detected by GC retention times and mass spectrum data as compared to analysis of authentic compounds. The RI of each compound was y To whom correspondence should be addressed. Fax: +81-83-933-5850; E-mail: matsui@yamaguchi-u.ac.jp Abbreviations: CLS, closed loop splitting system; GC-MS, gas chromatography-mass spectrometry; ITS, internal transcribed spacers calculated using n-alkanes C 7 -C 30 (Supelco) as the external reference. Crude lipids were extracted from intact and from homogenized mushrooms with CHCl 3 : MeOH (1:2, v/v). Homogenization was carried out with equal volumes of 0.1 M sodium phosphate, pH 6.5, and the homogenate was further incubated at 25 C for 30 min in order to facilitate the enzyme reactions. Total fatty acids were analyzed by GC after methanolysis of the crude lipids with 10% HCl-MeOH, and free fatty acids were analyzed after methyl-esterification with trimethylsilyldiazomethane. The amounts were semi-quantified using nonadecanoic acid as an internal standard.
DNA sequencing of the rDNA region (accession no. FJ810854) revealed that the collected mushrooms were Astraeus spp., with 96% identity with A. hygrometricus strain ASTRAE-94 9) (accession no. AJ629405.1, Fig. 1 ). Fresh Astraeus spp. was characterized by a mushroom-like, earthy, and pungent odor that was evident as an oily and moss-like smell upon opening the caps. The flavor extensively intensified after homogenization of the fruiting bodies. The cooked mushroom sample exhibited a roasted, maillard, herbal, and oily flavor.
The volatiles obtained from the fresh mushroom, Astraeus spp., contained large amounts of C 8 compounds, including (E)-2-octen-1-ol, 1-octen-3-one, 3-octanone, 1-octanol, and 1-octen-3-ol (Table 1) . Among these, 1-octen-3-ol was the most abundant. It was present in higher amounts in fresh mushrooms than in cooked Astraeus spp. or canned A. odoratus. 1-Octen-3-ol is enzymatically formed from linoleic acid through the formation of 10-hydroperoxy-(E,Z)-8,12-octadecadienoic acid (10-HPOD) by an oxygenase. 10, 11) (E)-2-Octen-1-ol, 1-octanol and (E)-2-octenal, which are reported to be derived from a nonenzymatic reaction with 10-HPOD by transition metals and reducing reagents, 12) were also abundant, especially in the fresh Astraeus spp. This suggests that 10-HPOD is abundant in fresh Astraeus spp. (E)-2-Penten-1-ol, derived from 13-hydroperoxide of linolenic acid through a similar nonenzymatic mechanism, 13) was scarce, suggesting that 13-hydroperoxide was not as abundant in these mushrooms.
Oleic, linoleic, and palmitic acids were the main fatty acids in Astraeus spp. (Table 2 ). The amounts of these fatty acids substantially decreased after homogenization. Because the increase in the amounts of free fatty acids after homogenization was not very obvious, it is suggested that these acyl groups were further metabolized. This suggests that this mushroom has high metabolic activity on the acyl groups of lipids, and that the activity is enhanced after homogenization. Such activity can partly support massive formation of 1-octen-3-ol from linoleic acid, even though further study is definitely needed. The fates of palmitic and oleic acids after homogenization were unclear.
The volatiles extracted from the cooked mushroom samples exhibited a more intense cooked mushroom-like odor than the ones from the fresh mushroom samples. The volatiles recovered from the heated mushrooms included furfural, benzaldehyde, (E,E)-2,4-decadienal, cyclohexenone, and furanyl compounds. Furanyl compounds have been reported to occur in a number of foods during heat treatment. 14) 3,5-Dimethyl-2-cyclohexen-1-one was detected in the heated Astraeus spp., but was not detected in the fresh samples. Structurally similar compounds, 2-cyclohexen-1-one and 3-methyl-2-cyclohexen-1-one, which might have formed during heating, were found in canned A. odoratus. Further study is needed to clarify the origins of these cyclohexene compounds. Studies of volatile compounds focus mostly on the Basidiomycota group, especially the subclass of Hymenomycetidae in the class Hymenomycetes, which includes the vast majority of edible mushrooms, such as Agaricus bisporus 15) and Lentinus edodes. 16) Other than the Basidiomycota, the volatile composition of truffles 17) (Ascomycota with a subclass of Discomycetidae) has been characterized. This is the first report on volatiles from a mushroom belonging to a subclass of Gasteromycetidae in the class Hymenomycetes.
A comparison of the volatile compounds in Astraeus spp. with those in the other mushroom groups indicated that the volatiles found in this Gasteromycetidae were almost exclusively formed from fatty acids. Terpenoids and ester compounds, such as hexyl acetate and ethyl caproate, that are typical of other mushrooms 1, [18] [19] [20] were not identified in this study. Even though Astraeus spp. and A. odoratus are actomycorrhizae-like truffles (Tuber spp.), the terpenoids found in truffles 17) were not identified in this study. This is also the case with sulfur-containing volatiles, such as dimethyl sulfide, a key odor compound in truffle localization by truffle hunting animals. 20, 21) Sulfur-containing compounds (dimethyl sulfone) were detected in the pine mushroom (Tricholoma matsutake Sing.) 19) and the shiitake mushroom (Lentinus edodes Sing.), 16) but none were detected in this study. These differences suggest that the flavor of Astraeus spp. is unique among mushrooms. Thermal processing inactivates the enzymes involved in flavor formation, and as a result the mushrooms form few volatile compounds during homogenization. Furthermore, some compounds undergo decomposition during heating to form unique compounds exclusive to heated samples.
In conclusion, C 8 compounds, including 1-octen-3-ol, (E)-2-octen-1-ol, 1-octen-3-one, 3-octanone, and 1-octanol, were the main volatile compounds in fresh Astraeus spp. These C 8 compounds are characteristic aroma-active compounds in mushrooms, and they contribute greatly to the flavor properties of Astraeus spp. High activity in metabolizing fatty acids during homogenization might be important to the formation of 1-octen-3-ol. Other compounds generally found in most edible mushrooms, such as terpenoids and sulfurcontaining compounds, were not detected, which suggests that the flavor properties of Astraeus spp. are unique. Cyclohexene compounds, 2-n-pentyl-furan, furanyl compounds, and benzaldehyde were identified in the cooked mushrooms. 
